Nitric oxide ( • NO) and its reactive metabolites mediate the oxidation, nitration, and nitrosation of DNA bases, amino acids, and lipids. Here, we report the structural characterization and quantitation of two allylic nitro derivatives of linoleic acid (LNO 2), present as both free and esterified species in human red cell membranes and plasma lipids. The LNO 2 isomers 10-nitro-9-cis,12-cis-octadecadienoic acid and 12-nitro-9-cis,12-cis-octadecadienoic acid were synthesized and compared with red cell and plasma LNO 2 species based on chromatographic elution and mass spectral properties. Collision-induced dissociation fragmentation patterns from synthetic LNO 2 isomers were identical to those of the two most prevalent LNO 2 positional isomers found in red cells and plasma. By using • NO exerts a particularly broad influence on oxidative inflammatory reactions by reacting at diffusion-limited rates with superoxide ( • NO 2 initiates autooxidation of polyunsaturated fatty acids by means of hydrogen abstraction from the bis-allylic carbon, to form nitrous acid and a resonance-stabilized allylic radical (21). This lipid radical species predominantly reacts with molecular oxygen to form a peroxyl radical. During the unique oxidationreduction conditions of inflammation or ischemia-reoxygenation, tissue O 2 levels are often suppressed and nitrogen oxide levels are elevated, favoring lipid radical reaction with • NO 2 to yield multiple nitration products, including nitrated nitrohydroxy and dinitro fatty acid derivatives (18, 19, 21) . Polyunsaturated fatty acids can also be nitrated by acidified nitrite (HNO 2 ), generating a complex mixture of products that are similar to those formed by direct reaction with • NO 2 , including singly nitrated species that maintain the bis-allylic bond arrangement (18, 19) . Acid-catalyzed fatty acid nitration is expected during physiological and pathological conditions in which NO 2 Ϫ is exposed to low pH (e.g., pH Ͻ 4.0), such as in the gastric compartment after endosomal or phagolysosomal acidification or in tissues after postischemic reperfusion.
Nitric oxide ( • NO) and its reactive metabolites mediate the oxidation, nitration, and nitrosation of DNA bases, amino acids, and lipids. Here, we report the structural characterization and quantitation of two allylic nitro derivatives of linoleic acid (LNO 2), present as both free and esterified species in human red cell membranes and plasma lipids. The LNO 2 isomers 10-nitro-9-cis,12-cis-octadecadienoic acid and 12-nitro-9-cis,12-cis-octadecadienoic acid were synthesized and compared with red cell and plasma LNO 2 species based on chromatographic elution and mass spectral properties. Collision-induced dissociation fragmentation patterns from synthetic LNO 2 isomers were identical to those of the two most prevalent LNO 2 positional isomers found in red cells and plasma. By using [ 13 (1) . In addition to regulating vascular relaxation,
• NO modulates oxidative and free radical reactions, inflammatory cell function, posttranslational protein modification, neurotransmission, and regulation of gene expression (2) (3) (4) (5) .
• NO exerts a particularly broad influence on oxidative inflammatory reactions by reacting at diffusion-limited rates with superoxide ( (2, 6 (12) (13) (14) . This ''molecular lens'' effect that is induced by solvation in hydrophobic cell compartments accelerates the reaction of • NO with O 2 to yield N 2 O 3 and N 2 O 4 . As a consequence of this diversity of • NO reactions with partially reduced oxygen species, a rich spectrum of products is formed that orchestrates target molecule oxidation, nitrosation, and nitration reactions.
Multiple mechanisms account for the nitration of fatty acids by
• NO-derived species (15) (16) (17) (18) (19) (20) . During both basal cell-signaling and tissue-inflammatory conditions,
• NO 2 that is generated by the aforementioned reactions can react with membrane and lipoprotein lipids. Environmental sources also yield • NO 2 as a product of combustion.
• NO 2 initiates autooxidation of polyunsaturated fatty acids by means of hydrogen abstraction from the bis-allylic carbon, to form nitrous acid and a resonance-stabilized allylic radical (21) . This lipid radical species predominantly reacts with molecular oxygen to form a peroxyl radical. During the unique oxidationreduction conditions of inflammation or ischemia-reoxygenation, tissue O 2 levels are often suppressed and nitrogen oxide levels are elevated, favoring lipid radical reaction with • NO 2 to yield multiple nitration products, including nitrated nitrohydroxy and dinitro fatty acid derivatives (18, 19, 21) . Polyunsaturated fatty acids can also be nitrated by acidified nitrite (HNO 2 ), generating a complex mixture of products that are similar to those formed by direct reaction with • NO 2 , including singly nitrated species that maintain the bis-allylic bond arrangement (18, 19) . Acid-catalyzed fatty acid nitration is expected during physiological and pathological conditions in which NO 2 Ϫ is exposed to low pH (e.g., pH Ͻ 4.0), such as in the gastric compartment after endosomal or phagolysosomal acidification or in tissues after postischemic reperfusion.
Nitrated linoleic acid (LNO 2 ) ‡ displays robust cell-signaling activities that appear to be antiinflammatory (20, (22) (23) (24) (25) . LNO 2 inhibits platelet function by means of cAMP-dependent mechanisms (26) , and it inhibits neutrophil O 2
•Ϫ generation, calcium influx, elastase release, CD11b expression, and degranulation by means of non-cAMP-dependent, non-cGMP-dependent mechanisms (23) . LNO 2 also induces vessel relaxation, in part by means of cGMP-dependent mechanisms (22, 27) . In aggregate, these data infer that nitrated unsaturated fatty acids represent a class of lipid-derived signaling mediators. At present, a lack of clinical quantitation and structural characterization of nitrated fatty acids has limited the establishment of LNO 2 derivatives as biologically relevant lipid-signaling mediators. Here, we report that both free and esterified linoleate nitration products are abundant in healthy human red cell and plasma lipids. By using GC-MS and HPLC-MS, 10-nitro-9,12-octadecadienoic acid and 12-nitro-9-cis,12-cisoctadecadienoic acid were clinically identified and quantitated. Red Blood Cell and Plasma Lipid Isolation and Extraction. Peripheral blood from healthy human volunteers was collected (with Institutional Review Board approval) by venipuncture in heparinized tubes and centrifuged (1,200 ϫ g for 10 min), and plasma was isolated from red cell pellets from which the buffy coat was removed. Lipid extracts were then prepared from packed red cells and plasma (28) and analyzed by MS. Care was taken to avoid acidification during all steps of plasma fractionation and lipid extraction. Lipid extracts from plasma were fractionated by TLC to separate LNO 2 from the bulk of neutral lipids present in plasma, minimizing ionization dampening during LNO 2 analysis by MS. To measure the esterified LNO 2 content in red cell membranes and plasma lipoproteins, lipid extracts were first hydrolyzed (29), fractionated by TLC, and analyzed by MS.
Experimental Procedures

Analysis of Synthetic LNO2 Methyl and PFB Esters by GC-MS.
Methyl esters of synthetic LNO 2 isomers were analyzed by GC-MS in both positive-and negative-ion modes. Electron-impact (EI) ionization was used to identify and characterize the fragmentation patterns of the two main positional isomers of LNO 2 methyl esters. EI GC-MS was performed by using a Saturn 2000 MS coupled with a 3800 GC (Varian). Samples were ionized by EI at ϩ70 eV and resolved by GC using a CP-7420 capillary column (i.d., 0.25 mm; fused silica, 100 m; Varian). Helium was used as the carrier gas.
Because of the low sensitivity of positive-ion GC-MS to LNO 2 , negative-ion chemical ionization (NICI) was used to characterize PFB esters of synthetic LNO 2 and detect LNO 2 species in vivo. PFB esters of synthetic LNO 2 were prepared, as well as red cell and plasma lipids (28) , with biological lipids first partially purified by TLC. Lipids were then analyzed by NICI GC-MS by using a 5890 GC (Hewlett-Packard) coupled to a single-quadrupole MS (Hewlett-Packard) using a 30-m CP-Sil 8CB MS column (5% phenyl͞95% dimethylpolysiloxane; Varian) (30) .
Analysis of LNO2 Positional Isomers by ESI Tandem MS (MS͞MS).
Qualitative analysis of nitrated linoleic acid positional isomers by electrospray ionization (ESI) MS was performed by using a hybrid triple-quadrupole linear ion-trap MS (Applied Biosystems͞MDS Sciex, Thornhill, ON, Canada). Positional isomers of LNO 2 were resolved by reverse-phase HPLC using a 150 ϫ 2-mm C18 Luna column (particle size, 3 m; Phenomenex, Belmont, CA). Resolved isomers were detected by MS using a multiple reaction-monitoring (MRM) scan mode by reporting molecules that undergo an m͞z 324͞277 mass transition. This transition, consistent with the loss of
, is common for all mononitrated isomers of linoleic acid. Concurrent with MRM, enhanced product ion (EPI) analysis was performed to generate characteristic and identifying fragmentation patterns of the eluting species with a precursor mass of m͞z ϭ 324.
Detection and Quantitation of LNO2 in Human Red Blood Cells and
Plasma. Quantitation of LNO 2 was performed as described above, with the following modifications: [ 13 C]LNO 2 was added as internal standard to correct for losses during extraction and TLC, and the gradient elution profile was changed so that all LNO 2 positional isomers eluted at the same time. The following two MRM transitions were monitored: m͞z ϭ 324͞277 (LNO 2 ) and m͞z ϭ 342͞295 ([ 13 C]LNO 2) . The ratio of analyte to internal standard areas was determined, and LNO 2 content was quantitated by using ANALYST 1.4 (Applied Biosystems).
Results
Synthesis of LNO2.
Modification of a nitrosenylation-mediated linoleic acid nitration reaction (Fig. 4A) increased the purity and yield of fatty acid allylic nitration products significantly, facilitating the structural resolution of specific LNO 2 positional isomers (22, 31, 32) . Preparative TLC permitted the initial resolution of nitrated fatty acids from starting materials and oxidized linoleic acid species (Fig. 4B ). These changes in synthetic approaches increased linoleic acid nitration product yield from 4% to Ͼ50% (22) .
Spectral Analysis of LNO2. Nitrated linoleic acid displays a characteristic absorption profile and maximum, providing determination of an extinction coefficient and a method for measuring concentrations of synthetic LNO 2 . This species displays a unique absorbance maximum at 329 nm, compared with linoleic acid (Fig. 5A) (Fig. 5B ).
GC-MS Analysis of LNO2. EI GC-MS of LNO 2 methyl esters revealed two dominant peaks at 38.75 and 39 min, when resolved by using a 100-m column (Fig. 1 A) . Product ion analysis of each peak (Fig. 1C ) generated fragmentation patterns that were similar to NMRverified patterns reported (18) for acidic nitration of ethyl linoleate. The first and second peaks correspond to linoleic acid that is nitrated on the C12 and C10, respectively. These two isomers are identified by the unique daughter ions m͞z ϭ 250 and m͞z ϭ 282 (specific to C12), and m͞z ϭ 196 (specific to C10). Analysis of [ 15 N]LNO 2 revealed fragmentation patterns with these identifying ions shifted by m͞z ϭ ϩ1, further affirming fragments containing the nitro group (Fig. 1C) . Although it is useful for structural analysis of synthetic LNO 2 isomers, EI GC MS lacks sensitivity for the detection of LNO 2 derivatives present in biological samples. Thus, these analyses were performed by NICI GC-MS on PFB derivatives of LNO 2 (Fig. 1B) . Chromatographic separation of both synthetic LNO 2 and TLCseparated red cell lipid extracts resolved two dominant peaks, C12 and C10, and two minor peaks ascribed to either cis-trans or C13 and C9 positional isomers of LNO 2 . In both cases, Ͼ90% of total peak area is accounted for by the C12 and C10 isomers. The C12 and C10 positional isomers of LNO 2 -PFB derivatives were confirmed to be the same as those identified as LNO 2 methyl esters by EI GC-MS (data not shown). Initial detection and quantitation of endogenous levels of LNO 2 was performed by using NICI GC-MS; however, extensive sample processing and limited sensitivity motivated an HPLC-MS͞MS-based method to characterize and quantitate LNO 2 in biological samples.
Synthetic and Endogenous LNO2 Isomer Characterization by ESI MS͞
MS. An HPLC separation strategy that baseline-resolved individual LNO 2 isomers permitted the liquid chromatography͞MS-based characterization of LNO 2 derivatives in biological samples (Fig. 2 A) . To initially identify individual LNO 2 isomers resolved by HPLC separation, the two major species were collected (peaks 1 and 2, Fig. 2A ), derivatized to PFB esters, and analyzed by GC-MS. From GC-MS analysis, the first species eluting upon HPLC separation was identified as the C12 isomer, and the second species was identified as the C10 nitro derivative (Fig. 1B) . The linear ion-trap mode of the hybrid MS was used to perform EPI analysis on eluting peaks to generate an identifying fragmentation pattern for each LNO 2 positional isomer (Fig. 2 B, graph 1, and C, graph 1) . MS͞MS analysis of C10 LNO 2 revealed unique fragments, m͞z ϭ 168 and m͞z ϭ 228, as well as fragments common to all LNO 2 isomers (m͞z ϭ 233, 244, 277, 293, and 306; Fig. 2C, graph 1) . The m͞z ϭ 228 ion was further fragmented in the ion trap by using the MS 3 scanning mode, generating a fragment with m͞z ϭ 46, indicating the loss of an allylic nitro group and assigning the nitro group to the C9 double bond. MS͞MS analysis of C12-LNO 2 generated unique fragments (m͞z ϭ 196 and m͞z ϭ157) and the common fragments listed above (Fig. 2B, graph 1) . In aggregate, from the synthetic rationale and GC-MS and ESI MS͞MS data, the C10 and the C12 isomers are identified as 10-nitro-9-cis,12-cis-octadecadienoic acid and 12-nitro-9-cis,12-cis-octadecadienoic acid, respectively.
ESI MS͞MS was used to characterize and quantitate LNO 2 species present in human red cells and plasma (Fig. 2) . The MRM elution profiles for red cell and plasma lipid extracts were identical to those obtained for synthetic standards (Figs. 2 B , graphs 2 and 3, and C, graphs 2 and 3). All characteristic fragments found in the EPI spectra of the synthetic C10 and C12 LNO 2 isomers were present in the resolved biological extracts, affirming that red cells and plasma contain LNO 2 positional isomers with chromatographic profiles and fragmentation patterns that are identical to our synthetic standards. It is possible that the configuration of the double bond in endogenous LNO 2 may differ from synthetic standards (i.e., the cis-cis configuration may be cis-trans or trans-cis), with a level of structural detail not being provided by EPI analysis.
Quantitation of Free and Esterified LNO2 in Red Blood Cells and
Plasma. To quantitate net LNO 2 species present in red cells and plasma, HPLC gradient conditions were changed so that all positional isomers coeluted (Fig. 3A) . Nitrated linoleic acid concentrations were calculated as a function of the ratio of analyte to internal standard peak areas by using an internal standard curve linear over five orders of magnitude (Fig. 3B ). Blood samples obtained from 10 healthy human volunteers (five female and five male, ranging 22-45 years of age) revealed free LNO 2 in red cells (i.e., LNO 2 not esterified to glycerophospholipids or neutral lipids) to be 50 Ϯ 17 pmol͞ml packed cells. Total free and esterified LNO 2 , the amount present in saponified samples, was 249 Ϯ 104 pmol͞ml packed cells. Thus, Ϸ75% of LNO 2 in red cells exists in the esterified form. In plasma, free and total (free plus esterified) LNO 2 was 79 Ϯ 35 and 630 Ϯ 240 nM, respectively, with free LNO 2 representing 85% of total (Table 1) formation, CD11b expression, and fMLP-induced Ca 2ϩ influx by means of non-cGMP-dependent, protein kinase-mediated actions (23) . In platelets, thrombin-induced aggregation is inhibited upon LNO 2 -mediated attenuation of cAMP-dependent Ca 2ϩ mobilization and activation of the phosphorylation of vasodilator-stimulated phosphoprotein (VASP) at Ser-157. Current evidence (26) reveals a dual regulation of platelet adenylyl cyclase and phosphodiesterase E activities by LNO 2 . Additionally, LNO 2 has been shown to induce endothelium-independent, cGMP-mediated smooth muscle relaxation (22) . These observations reveal that nitrated fatty acids may serve as endogenous cell-signaling molecules, a precept remaining contingent upon the identification of more discrete cell-signaling responses and the clinical detection of these species. The latter issue has been resolved by structurally characterizing linoleic acid nitration products generated by nitrosenylation and those present in human red cell and plasma lipids. By using a 13 C-labeled internal standard added during lipid extractions, both free and esterified LNO 2 levels were shown to be abundant in the vasculature. Here, we report that the LNO 2 positional isomers 10-nitro-9,12-octadecadienoic acid (C10) and 12-nitro-9-cis,12-cis-octadecadienoic acid (C12) are present as free acids in healthy human blood and as esterified components of red cell membranes and plasma lipoproteins, with a net concentration of Ϸ500 nM (Table 1) . Thus, LNO 2 derivatives represent the single largest pool of bioactive oxides of nitrogen in the vascular compartment (33) (34) (35) (36) (37) . Most of this LNO 2 is esterified (Ϸ80%), suggesting that lipases and͞or phospholipases will be central for the regulated release of nitrated free fatty acids.
Recently, nitration products of arachidonic acid (27) , linoleic acid (38) and cholesteryl linoleate (39) have been reported in biological samples. Importantly, all of these observations were made after lipid extraction of nitrite-containing specimens under No other peaks were detected in the chromatogram. The same method was used to resolve LNO 2 isomers present in the total lipid extract from 1 ml of packed red blood cells (graph 2) and plasma (graph 3). (B) EPI analysis of Peak 1, revealing fragments unique to the C12 positional isomer of LNO 2, m͞z ϭ 196 and m͞z ϭ157, plus fragments common to all LNO2 isomers (m͞z ϭ 233, 244, 277, 293, and 306) (graph 1). EPI analyses of Peak 1 for red cell (graph 2) and plasma (graph 3) lipid extracts gave similar fragmentation patterns. All identifying fragments from graph 1 are present in graphs 2 and 3. (C). In addition to the common fragment ions of LNO 2, peak 2 displayed unique fragments m͞z ϭ 228 and m͞z ϭ 168 (graph 1). These fragments, particularly m͞z ϭ 228, indicate nitration of the C10 of LNO 2. EPI spectra from Peak 2 of resolved red cell (graph 2) and plasma (graph 3) lipid extracts gave fragmentation patterns similar to the synthetic standard.
acidic conditions (pH Ͻ4), documented to result in HNO 2 -dependent fatty acid nitration and oxidation (20) . This analytical pitfall raises the question of whether the various reported LNO 2 species were indeed endogenous, and it impairs an ability to determine concentration and structural characteristics. For this reason, this article includes analysis of potential confounding factors and artifacts in the detection and quantitation of linoleic acid nitration products in clinical specimens and reveals that both acid-catalyzed reactions during lipid processing and the presence of adventitious NO 2 Ϫ induces artifact in LNO 2 analysis. Extensive control studies ensured that the LNO 2 detected was not a byproduct of lipid extraction, storage, HPLC separation, MS analysis, or the presence of alkyl hydroxy and hydroperoxy derivatives. We added [ 13 C]linoleic acid as a reporter molecule before red cell and plasma lipid purification and analysis during methods development, which permitted the MS detection of any possible 13 C-labeled LNO 2 products being formed. Also, up to 200 M NO 2 Ϫ was included in initial lipid extractions to determine whether separations or analysis-induced nitration reactions might be supported by physiological NO 2 Ϫ levels that can exceed 200 nM (34, 35) . All critical phases of lipid extraction avoided the use of acidic pH to limit acid-catalyzed, HNO 2 -dependent lipid nitration reactions. Moreover, the addition and recovery of an LNO 2 internal standard to biological lipid extractions showed efficient extraction of lipids of interest at neutral pH. Together, control studies affirmed that in this study, no LNO 2 derivatives were generated during the ex vivo processing of clinical samples and subsequent lipid purification and analysis steps.
Nitrated lipids can be synthesized ex vivo by different approaches, with varying degrees of specificity and yield. Acid-catalyzed, HNO 2 -dependent fatty acid nitration readily nitrates lipids; however, multiple species, including conjugated dienes, nitro, hydroxy, hydroperoxy, nitrohydroxy, and nitrohydroperoxy adducts are formed, with all products displaying nonspecific stereochemistry (18) . This reaction pathway may also occur in select biological milieu, such as the low pH environment of the gastric system and upon endosome acidification (40) . Linoleic acid nitration by nitrosenylation generates primarily two derivatives of linoleic acid (C10 and C12 LNO 2 ) with no rearrangement of the olefinic groups (41), thus simplifying structural characterization and fortuitously yielding positional isomers that are identical to those of red cell and lipoprotein lipids.
The characterization of synthetic LNO 2 species was performed by both GC-MS and HPLC-MS. Analysis of synthetic LNO 2 methyl ester products by EI GC-MS indicated that linoleic acid was singly Venous blood was obtained from healthy human volunteers and centrifuged (1,200 ϫ g for 10 min), and plasma was isolated from red cell pellets from which the buffy coat was removed. Total lipid extracts were prepared from packed red cells and plasma (28) and analyzed by MS, as described in Experimental Procedures. Total LNO 2 (free plus esterified) was determined in lipid extracts after saponification. Free and total LNO 2 was quantitated by fitting analyte to internal standard area ratios obtained by MS to an internal standard curve. Concentration values for other bioactive oxides of nitrogen were obtained from the literature. It is noted that nitrite is readily oxidized to nitrite, making precise quantitation of nitrite problematic. Data are expressed as mean Ϯ SD (n ϭ 10; 5 female and 5 male). RSNO S-nitrosothiols; Hb-NO, heme nitrosyl; Hb-SNO, S-nitrosohemoglobin. *Assuming a 40% hematocrit. nitrated and not oxidized, with the purified product mixture containing two major nitration products (Fig. 1) . Unlike CID fragmentation patterns, which depend on numerous instrument and analysis characteristics, EI fragmentation patterns for a particular molecule remain consistent. Thus, we compared the EI fragmentation patterns of nitrosenylation-induced linoleate nitration products with NMR-verified fragmentation patterns of methyl esters of linoleic acid nitrated by exposure to HNO 2 (18) . The EI fragmentation patterns of peak 1 and peak 2 upon GC separation were identical to those generated from LNO 2 nitrated at the C12 and C10, respectively. Although EI GC-MS provided essential structural information about synthetic LNO 2 , this technique has limited sensitivity for anionic fatty acids, especially when present in complex biological lipid mixtures. Analysis of PFB esters of LNO 2 by NICI GC-MS provided a degree of sensitivity that allowed in vivo detection of LNO 2 (data not shown); however, this approach requires extensive sample preparation and has limited quantitative precision. Thus, ESI MS͞MS was used to characterize and quantitate synthetic and endogenous LNO 2 . Unique HPLC retention times and fragmentation patterns for each synthetic LNO 2 isomer were obtained by CID, which provided a ''molecular fingerprint'' that was used to identify LNO 2 isomers in biological samples (Fig.  2) . These fragmentation patterns were obtained by using an iontrap mode (EPI) of a hybrid MS, providing enhanced sensitivity to minor fragments and more detailed structural information. The m͞z ϭ 228 fragment generated from the second eluting peak, barely detectable without trapping, permitted the assignment of the NO 2 functional group to the C9 double bond.
In summary, two positional isomers of LNO 2 have been synthesized, resolved, and structurally characterized, with corresponding species identified and quantitated in human blood. Allylic nitro derivatives of fatty acids display unique vascular and inflammatory cell-signaling activities and appear to represent a novel class of lipid-signaling molecules. Whereas • NO-dependent oxidation and nitration reactions will induce nitration of endogenous tissue fatty acids, dietary NO 2 Ϫ or nitrated lipids may also contribute to tissue LNO 2 content. In vitro studies presently support the precept that allylic nitro derivatives of fatty acids counter the proinflammatory signaling actions of most eicosanoids, thus these byproducts of inflammatory oxidation and nitration reactions will contribute to the resolution of inflammation. In aggregate, these observations reveal that allylic nitro derivatives of unsaturated fatty acids represent the convergence of • NO and oxidized lipid cell-signaling pathways. Indeed, LNO 2 undergoes high-affinity receptor-ligand interactions (F.J.S., Y. Lin, P.R.S.B., Y. E. Chen, and B.A.F., unpublished data) that induce alterations in gene expression and the induction or suppression of multiple cell growth control and inflammatory-related proteins.
